Introduction
[2] The effect of the 11-year solar activity on the climate has been discussed for a long time in spite of there often being a lack of consistent observational data. In recent years, however, the accumulation of observational data on a global scale has enabled us to examine the effect of solar activity on climate in a more consistent manner. It has been found that the variability of solar flux at shorter ultra-violet wavelengths associated with the 11-year solar activity is as much as several tenths of a percent [Rottman, 1988; Lean et al., 1997] and that a significant temperature change occurs in the upper stratosphere [Hood et al., 1993; McCormack and Hood, 1996] in spite of the very small variability in the total flux [Willson and Hudson, 1988; Foukal and Lean, 1990] . Such an energetically small perturbation in the upper stratosphere can be transported to the surface through dynamical and radiative interactions. In fact, previous studies [Kodera, 1995; Kuroda and Kodera, 2002; Kodera and Kuroda, 2002] suggest that the solar signal propagates downward to the surface. Although these studies used relatively short periods of observations, studies using the general circulation model (GCM) [Shindell et al., 1999; Matthes et al., 2004] indicate that solar modulation of tropospheric climate occurs through troposphere-stratosphere coupling processes.
[3] In addition to such climatic change, there is the possibility that some modes of atmospheric variability are modulated by the solar cycle. Recently an analysis of observations by Kodera [2002 Kodera [ , 2003 showed that the winter-mean spatial structure of the North Atlantic Oscillation (NAO) varies significantly over the 11-year solar cycle: in high solar activity years the spatial structure extends over more of the hemisphere and also extends towards the upper stratosphere, whereas in low solar activity years it becomes more localized and restricted to the troposphere. Ogi et al. [2003] also found that the duration of the winter NAO significantly differs according to the solar signal: in high solar activity years the signal lasts until the next summer, whereas it disappears very quickly in the low solar activity years.
[4] These studies suggest that atmospheric variability associated with troposphere-stratosphere coupling, such as the NAO [e.g., Ambaum and Hoskins, 2002] , will be modulated by the solar cycle. If so, a similar phenomenon should exist in the Southern Hemisphere (SH) as well. We will see that the Southern Annular Mode (SAM) [Thompson and Wallace, 2000; Limpasuvan and Hartmann, 2000] shows very similar behavior to the NAO in the ''active season'' when stratosphere-troposphere coupling is very active [Thompson and Wallace, 1998 ].
Data and Method of Analysis
[5] The data we used in this study are from the 40-year reanalysis data of the European Center of Medium-range Weather Forecasts (ERA40) [Simmons and Gibson, 2000] . We used 34 years of data from 1968 to 2001, until when observation of the SH becomes more reliable. In all analyses monthly-mean data have been used.
[6] Following Wallace [1998, 2000] , we first calculated the monthly SAM index using Empirical Orthogonal Function (EOF) analysis of the month-to-month variability of the anomalous 850-hPa geopotential height south of 20°S. The pattern analyzed was very similar to that obtained by them. Then we compared the time evolution associated with the SAM from mid-winter to next autumn due to solar cycle activity. For this purpose, we separated the 11-year solar activity into high solar (HS) and low solar (LS) activity years based on the winter (July to October) mean of the 10.7 cm microwave flux (F10.7). If the mean F10.7 flux in a particular winter was greater (smaller) than the 33-winter average value, the winter was categorized as a year of HS (LS). In this way 15 (18) winters were identified as HS (LS) winters as shown in Figure 1 . Correlation analysis was then performed for the HS or LS years separately, based on October -November (ON) mean SAM indices in a method similar to that used by Kodera [2002 Kodera [ , 2003 and Ogi et al. [2003] .
Results
[7] First, we compared the correlation patterns of the 850-hPa geopotential height between HS and LS years GEOPHYSICAL RESEARCH LETTERS, VOL. 32, L13802, doi:10.1029 /2005GL022516, 2005 Copyright 2005 by the American Geophysical Union. 0094-8276/05/2005GL022516$05.00 ( Figure 2 ). Here, correlation greater than 0.5 is contoured in steps of 0.1 and regions of correlation greater than 0.4 are shaded. As the 95% level of statistical significance corresponds to 0.51 (0.47) for 15 (18) samples, the area of correlation greater than 0.5 corresponds to about the 95% significance level. Correlation of 0.4 corresponds closely to the 90% level of significance.
[8] The correlation patterns show similar SAM structure with three mid-latitude centers and a larger polar negative center. However the polar center extends more to the Atlantic and east Pacific and has wider polar cap coverage for HS than LS. The mid-latitude centers east of Argentina and east of New Zealand are more pronounced in HS years, whereas the center south east of Africa is more pronounced in LS years.
[9] To see how long the signal persists in the following months under different solar cycle conditions, we compared the correlation of the zonal-mean geopotential height at 850 hPa with the ON mean SAM index for HS and LS years ( Figure 3 ). In the case of LS years, it can be seen that the signal persists until December after peaking in November and then completely disappearing in January. In contrast, in HS years the signal persists until February to March although the polar signal gradually weakens with time. It is also noteworthy that in the HS years the mid-latitude signal shows some fluctuation in its extension towards the equator, with a period of two months. The fact that the SAM signal persists longer in HS years is similar to that observed for the NAO in the NH [Ogi et al., 2003] .
[10] To show the vertical extension of the signal, Figure 4 compares the correlation patterns of the zonal-mean zonal wind from October to February with ON mean SAM indices. In the HS years, significant positive signal in the upper stratosphere first appears in September in the subtropical upper stratosphere (not shown). This signal connects with that extending from the surface in October and, in November, the signal from the surface extends further into the upper stratosphere with the largest correlation (0.8) occurring in the lower stratosphere. With the higher positive polar signal, an accompanying negative signal at mid-latitudes extends only up to the upper troposphere. Such signals almost persist into December but gradually weaken with time, with a larger positive correlation in the lower stratosphere around 55 to 60°S, and a negative correlation in the subtropical lower troposphere.
[11] For the LS years, there is no signal coming from the upper stratosphere. The SAM signal extends only up to about 100 hPa in October with a positive high-latitude signal around 60°S and a weak negative mid-latitude signal around 35°S. The signals are strongest in November but are almost confined to the troposphere with the largest correlation occurring in the lower troposphere. The high-latitude signal is still present in December, but is weaker, and the signals completely disappear by January which agrees with the result shown in Figure 3 .
[12] Thus the SAM signal extends to the upper stratosphere in HS years from October to December, whereas it extends only up to about 100 hPa in LS years. This difference in the upward extension of the SAM signal with the solar cycle is also very similar to that observed for the NAO in the NH [Kodera, 2002] .
Discussion and Remarks
[13] We have found that the ON mean SAM signal is significantly modulated according to the solar cycle: in HS years, the signal extends to the upper stratosphere and lasts until autumn, whereas in the LS years, it is confined almost to the troposphere and disappears very quickly, not lasting until summer. This overall behaviour is similar to that observed for the NAO in the NH [Kodera, 2002; Ogi et al., 2003] .
[14] Solar cycle modulation of NAO was found to occur in mid-winter from December to February, whereas the present study shows the modulation of SAM in only late winter (October to November). Note that these seasons are common when the troposphere-stratosphere coupling is the strongest in each hemisphere Wallace, 1998, 2000] . In this sense these results suggest that the propagation of an upper-stratospheric solar signal through troposphere-stratosphere coupling processes is a key to causing changes in the Annular Modes [Thompson and Wallace, 2000; Limpasuvan and Hartmann, 2000] on the surface.
[15] As the data before 1979 may have problems due to the lack of satellite data, especially for the upper stratosphere (10-hPa and up), we have also analyzed the limited data available from 1979 to 2001. However, overall the results are not changed greatly by this limitation. Thus we believe that the present analysis does reveal real effects, although it is true that the duration of reliable observational data is not as long as one would like in the SH compared with the NH. To overcome this point, we are planning to perform a GCM study with coupled chemistry in the near future.
[16] The behavior of ON mean SAM in LS years is very similar to that for other months except for October to December when stratosphere-troposphere coupling is very active. So the problems we should still resolve in connection with the solar cycle modulation of ON mean SAM are: (1) why does the signal extend to the upper stratosphere? and (2) why does it last so long in the HS years?
[17] On the first point, the present study suggests that the SAM signal extends to the upper stratosphere when the signal from surface couples to preceding signal from subtropical upper stratosphere (Figure 4) . In fact, a significant signal appears at the subtropical upper stratosphere in September in the HS years whereas no preceding upper stratospheric signal appears in the LS years. The existence of a significant subtropical upper stratosphere signal as a precursor of the ON SAM was pointed out by Kuroda [2002] . The same type of analysis, but with partitioning of the data according to the solar cycle, indicates that the downward propagation of the upper stratospheric signal of the ON SAM occurs only in HS years (not shown). This also indicates that the coupling of ON SAM with downward propagation of the stratospheric variability [Kuroda and Kodera, 2001 ] occurs preferentially in HS years. For the solar modulation of the NAO in NH, Kodera and Kuroda [2005] considered changes of the dominant mode of variability at the stratopause region and consequent downward propagation as the source. Whether similar scenario can be applied to the SAM is left for future work.
[18] On the second point, Ogi et al. [2003] considered snow and ice as memory of winter NAO to the next summer. However, this will not work well in the SH where there are few continents. Moreover, Figure 4 shows that the ON mean SAM signal persists longer in the lower stratosphere around 60°S in HS years. This suggests the existence of a heat source at the lower stratosphere in HS years. As ozone is the most likely candidate for the heat source in this region, we compared temperature and ozone density. Figure 5 shows the correlation of ON mean SAM index with monthly temperature and with monthly ozone density [Dethof and Holm, 2002] for the HS years. It can be seen that associated with the positive correlation of zonal wind from January to March in the lower stratosphere around 60°S (Figure 4) , there exists negative correlation of temperature in the lower stratosphere from 40°S, 100 hPa to the pole of 150 hPa, as expected from the thermal wind relationship. The negative correlation of temperature in the lower stratosphere corresponds well with the negative correlation of the ozone density, although small disagreement exists. This suggests that colder temperature in the lower stratosphere originates from smaller ozone. Note that in the lower stratosphere the lifetime of ozone is very long.
[19] As the correlation of the wave forcing (E-P flux divergence) in the upper stratosphere in October is significantly positive (not shown), it should correspond well with the positive correlation of the zonal wind in the upper stratosphere in the following months ( Figure 4) . As the positive correlation of wave forcing should also correspond with weaker residual circulation, which transports ozone rich air in the subtropical upper stratosphere to the polar area, it should create smaller ozone densities in the polar stratosphere in November. The small ozone density should be kept longer due to lack of larger wave forcing in summer season. This will explain why a negative correlation persists in the polar area in the ozone density for a few months as seen in Figure 5 . Note that these scenarios correspond to positive ON mean SAM but situations during periods of negative ON mean SAM can be explained in the same way. For example, if zonal wind in the stratosphere is weaker during ON with negative SAM, it should create richer ozone and higher temperature in the lower stratosphere in the following months. In both cases, positive or negative anomaly of ozone is preserved in the lower stratosphere during summer to autumn, which in turn becomes anomalous heat source, accelerates zonal wind by the thermal wind balance, and creates SAM in the troposphere. As a consequence, longer duration of ON mean SAM signal should be closely related to the extension of the signal toward the upper stratosphere in October and November.
